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The tensile strength of notch specimens has been investigated for alloy 2090 sheets with
various Ce contents. The notch strength (on) has been quantitatively analyzed. By
comparison with Ce-free alloy, on of Ce-containing alloy sheets exhibits an insignificantly
change. The statistical estimation shows that oy evaluated from the theoretical expression
is in better agreement with the test data. Accordingly, the strength of notched specimens
can be conveniently predicted by means of the conventional tensile properties of smooth
specimens. The notch insensitivity factor (Ky) has been derived for the alloy 2090 sheets
with various Ce contents. Ky can be applied to assess the stress concentration sensitivity to
structural notches in practical structures by comparison with the theoretical stress
concentration factor (K;). Increasing in Ce content in the alloy 2090 sheets can slightly
enhances Ky or reduces the stress concentration sensitivity. However, Ce microalloying can
not still essentially decrease the stress concentration sensitivity of the alloy 2090 sheets
because the ductility can not be improved to a greater degree only by adding Ce element.
Therefore, high stress concentration sensitivity may be a potential obstruction to the
practical application of high-strength Al-Li based alloys in primary aircraft structures
containing structural notches. © 2000 Kluwer Academic Publishers

1. Introduction based alloys because of their poor ductility. When the
A structural element of always contains geometri-alloys are utilized to make an aircraft structure, itis pos-
cal discontinuities such as fastener holes, fillets angible to readily produce cracks at geometric discontinu-
grooves, which are collectively known afress rais- ities and consequently to cause quickly tearing failure
ers, or notches Stress concentration usually occurs atunder the flight condition of variable-amplitude load or
notch root where crack initiates under monotonic ten-overload. However, the importance of notch strength or
sion or cyclic loading. Notch strength is a governingstress concentration behavior for Al-Li based alloys is
factor for the safety of notch elements before cracknot still understood sufficiently.
initiation at notch root while fracture toughness is a Moreover, microalloying methods can significantly
governing factor for that after crack initiation at notch improve the mechanical properties of Al-Li based al-
root. Therefore, as a parameter of quality control, notcHoys [13—16]. Some rare earth elements can be utilized
strength or stress concentration sensitivity usually playss the beneficial alloying additions. They can improve
an important role in metallic structural materials [1]. the ductility, fracture toughness and fatigue strength
Al-Li based alloys have the prospect of applica-[17—-23]. Since rare earth elements in Al-Li based al-
tions in aircraft structures to save weight becausdoys can modify the mechanical properties, the stress
of their lower density and higher elasticity modulus concentration characteristics must also change with the
[2-5]. However, there is still a primary obstruction changes of the mechanical properties. Therefore, it is
to widespread application of these alloys in that thealso necessary to understand the changes of stress con-
present generation of Al-Li based alloys still has somecentration sensitivity and notch strength when Al-Li
unsatisfactory sides in engineering properties such agased alloys are modified by rare earth microalloying.
ductility and fracture toughness [6-12]. Therefore, The objectives of this research are to characterize the
there must be a high stress concentration sensitivitpotch strength and the stress concentration sensitivity
in Al-Li based alloys, especially in high-strength Al-Li for alloy 2090 contained with different Ce contents,
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and to give the theoretical expressions for predictingyas selected as 0.0048's The load and displacement
the level of notch strength and evaluating the degree ofvere recorded autographically.

stress concentration sensitivity.

3. Notch strength and its theoretical

2. Experimental procedures prediction
2.1. Test materials Fig. 2 shows the test results of notch strength under
The materials used in the investigation were prepared igifferent values oK; for each test material. Moreover,
our laboratory by the processes of melting in a vacuumhe predicted results of notch strength and notch insen-
induction furnace, casting into ingots in argon shield,sitivity factor, which will be discussed in what follows,
forging at 488C into slabs and rolling first at 48@  are also given in Fig. 2. With the increase of stress con-
and then at 30@ into 2.0 mm sheets. centration level, the notch strength sharply decreases

The chemical compositions of the test materials ardor all the test materials whekK; is greater than 2.0.
given in Table I. The contents of basic constituentswith the change of Ce content, notch strength exhibits
such as Li, Cu and Zr are generally within the rangea little variation under the same valuetof whether the
of nominal composition of alloy 2090, which is a typi- notched direction is in transverse orientation or longi-
cal high-strength Al-Li based alloy. In addition, a var- tudinal orientation. Therefore, it can be roughly agreed
ious amount of Ce was added in some test materialshat Ce modification produces an insignificant effect on
which were denoted as alloys A7, A8 and A9, respecnotch strength.
tively. Correspondingly, A6 is Ce-free alloy. The test |n order to predict notch strength conveniently by the
alloy sheets were solution heat treated at’®}Qvater  ajd of conventional tension test of smooth specimens,
quenched, stretched about 6 pct and aged for 18 h &heng [1] presented a theoretical expression based on
165°C. an assumption that crack initiation at notch root occurs

due to the fracture of a hypothetical material element

2.2. Notched specimens and tension test (more details in Ref. [1]):
Both the smooth and double-edge-notched specimens
(Fig. 1) were cut in transverse orientation (normal to _av/Eotes 1
rolled direction) for all test alloy sheets and in lon- ON = K (1)
gitudinal orientation (parallel to rolled direction) for
the alloy sheets A6 and A8. The valueslkof for the  wherex is a constant depending on practical stress state
notched specimens which had different notch root radiat notch roote = 1.0 for plane stress state amd= 0.64
and depths were determined as 2.0, 3.0, 4.0 and 8.@pr plane strain statey is the fracture strengtla; the
respectively [24]. For the smooth specimelis=1.0.  fracture ductility ancE the Young’s modulus.

Tension test was carried out at ambient temperature According to the load-displacement plots recorded
and in laboratory air. The strain rate of the specimensn the tension test (Fig. 3), it may be seen that the spec-

imens exhibit a rather small stretch elongation because

TABLE | Chemical compositions (wt. pct) of the test alloy sheets high-strength Al- Li based alloys commonly have lower
ductility than conventional aluminum based alloys. In
Alloy —Li ~ Cu zr Ce Fe  Si Al addition, the yield phenomenon, necking and shear lip
A6 239 252 011 — 0055 0022 Balance Canhardly be obser_ved on the macros_copic features of
A7 221 256 009 013 0034 0019 Balance the fractography (Fig. 4). The results indicate that the
A8 225 234 010 021 0050 0.022 Balance Specimens were subjected predominantly to a uniform
A9 229 234 008 031 0060 0010 Balance plastic elongation before failure. Because the fracture
process of the specimens were accompanied by an ig-
Smooth specimen norable local lateral contraction at crack tip, we can
roughly consider that the specimen sections experi-

S~— — enced the practical strain nearly under plane strain state,
ol Iiiuiiniiatia ki §- ------------------------ § although the thickness of the test alloy sheets is possi-
Vol = 7\ N" bly insufficient to conduct the standard-sized fractur-
45mm 30mm 30mm rad. ing measure about plane strain fracture toughtgss
* T o Therefore, in the investigation,in Equation 1 may be
taken as 0.64.
Notched speci Fracture strength and fracture ductility can be related
l]()‘(mm) 2“1’ 31‘3’ “22 ;}"8 to ultimate tensile strengtly) and percent reduction

of area (RA) by [1, 25]

r{mm) 12 0.6 043 0.1

1 of = op(1+ RA) (2)
)
P U P P !_5 ................. -In gf _ In(l _ RA) (3)
< 60mm T r (radius ‘
) 120mm (i) | Since the specimens experienced primarily uniform

strain in the tensile process, the volume change of
Figure 1 Dimensions of the tensile specimens used in the investigationthe specimens was limited to the small change. It is
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Figure 2 Test values and predicted notch strength for the test alloy sheets: (a) A6, transverse orientation; (b) A7, transverse orientation; (c) A8,
transverse orientation; (d) A9, transverse orientation; (e) A6, longitudinal orientation; (f) A8, longitudinal orientation.
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Displacement Figure 4 Macroscopic observation of the fractography for the tensile
specimens.

Figure 3 Schematic load-displacement plots for the tensile specimens.

) wheres is the percent elongation. Substitution of the
therefore reasonable to assume that the specimen vl ove into Equation 4 gives
ume is constant.

= b
AgLg = AL 4 RA — — )
whereAg andL are the initial area and lengt and

L the final area and length. In Equation 4, . i ) i i
Substitution of Equation 5 into Equations 2 and 3 gives

AZAO_AAZA()(l_%):AO(l—RA) 5

ot = ob(l—l- ﬁ) (6)
L= Lot AL=Lo(1+25) = Loats '
=Lo+AL= o( +L—O>— o(1+4) er = In(L+8) ()
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TABLE Il Tensile properties and evaluated values of the test alloy sheets

Specimen Ob 0.2YS b E ot &t 0.64(Eoter)Y2
Alloy orientation MPa MPa pct GPa MPa pct MPa
A6 Transverse 526 485 5.46 76.0 555 5.31 956
A7 Transverse 480 433 5.65 76.0 507 5.50 932
A8 Transverse 492 437 6.16 76.0 522 6.00 987
A9 Transverse 500 443 6.85 76.0 534 6.63 1049
A6 Longitudinal 546 505 5.31 76.0 575 5.17 962
A8 Longitudinal 508 452 7.89 76.0 548 7.59 1138
TABLE 111 Analytical results of the linear correlativity between predicted values and test data for the notch strength of the test alloy sheets
Specimen Correlation Degree of Level of Confidence
Alloy orientation coefficientr freedomn — 2 significance t ty interval
A6 Transverse —0.703 10 0.05 -3.13 2.23 0.95
A7 Transverse —0.957 10 0.01 —10.43 3.17 0.99
A8 Transverse —0.845 10 0.01 -5.01 3.17 0.99
A9 Transverse —0.923 10 0.01 —7.59 3.17 0.99
A6 Longitudinal —0.861 10 0.01 -5.35 3.17 0.99
A8 Longitudinal —0.943 10 0.01 —8.94 3.17 0.99

Substituting Equations 6, 7 and&=0.64 into nthe number of the test data. The statistical results in
Equation 1, we can express the notch strength for théhe range oK; from 2.0 to 8.0 are given in Table IlI.

test materials by As may been seen, for the notch strength of all the
test materials, there is a significant dependence of the
0.64. /Eon(1+ 2 )In(1+ s measured data on the predicted Illnes becr_;luse the test
o = \/ ob(1+ 5i5) In(L +9) data undeiK; = 2.0 to 8.0 agree with Equation 8 to a
Kt 99 pct confidence level in all the test alloy sheets when

b < — o butalloy A6 only in the transverse orientation,
where there is agreement to a 95 pct confidence level.
In other words, the notch strength for high-strength Al-

For simplicity, because the specimens have rather lo
ductility (see Table Il), 08 « 1, we can conside/(1+

8)~4§.Th . ) .
) us Li based alloys can be confidently estimated by Equa-
tion 8 according to their tensile properties of smooth
oN = 0.64vEop(1+9)In(1 +9) (8) specimens. Therefore, for the study, the notch strength

N of the test alloy sheets with various Ce contents can be
approximately predicted according to the test results in

If the values oby, ands are determinedyy can be pre-
. din P ITable Il as follows:

dicted according to Equation 8 or Equation 1. Table |
gives the test data of the smooth specimens and the in the transverse orientation,
evaluated values concerned with predicted results of

notch strength. The predicted results evaluated accord- oN = (932-1049)
ing to Equation 8 have been shown in Fig. 2, which Kt
should be the straight lines of the ordinate interceptas o ) )
0.64./Eoier, and the slope as1 in double logarithmic in the longitudinal orientation,

coordinate. Sinceyn = oy, for the smooth specimens,
the values oby, should be taken as the upper limits of N = (962-1138)
the applicability of Equation 8, which have been indi- Kt
cated in Fig. 2 by dash-dot lines.

In order to determine the correlativity between pre-4. Stress concentration sensitivity
dicted notch strength calculated from Equation 8 andn engineering applications, it is known thabtch
the test data, the correlation coefficientbetween the toughness, or notch strength ratidefined ason /oy
test data of notch strength and predicted straight linés generally to assess the notch sensitivity level un-
should be evaluated. Therefore, the statistical estimader static tensile loading. A material withy /o, > 1

tion is performed by using the statistic [26] is not sensitive to the notch; conversely, a material with
the ratioon /o, < 1 is sensitive to the notch. Based on
n—2 Equation 1 and the definition of the notch toughness,
t=ry1 -2 (9)  we have
—r
wheret is the observed value of the random variable ON _ oV Eoter (10)
that has d-distribution withn — 2 freedom degree and Ob Kiop
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If a material is not sensitive to notch, i.ey/o, > 1, 2.5
then . .
. .¢L orientation
o~/ Eoie ’
K< (11)

Ob

T
orientation

Kn
[\)

At critical, a new materials constari,, may be de-
fined [1]

o~/ Eoses
Kn = Kicritica) = ——— (12)
Op 1.5 1 1 L
where Ky could be called as notch insensitivity fac- 0 0.1 0.2 0.3 0.4
tor. Under plane strain state, taking=0.64 and Ce (Wt.%)

substituting Equations 6 and 7 into Equation 12, we

obtain

0.64,/Eop(1+ ) In(1+8)
o _ 0o4/En(i+ )

Ob

Similarly takings/(1+ 8) ~ §, we can obtain

_ 0.64(/Eop(1 +8)IN(L 1 9)
Ob

Kn

(13)

Figure 5 Effect of Ce content on notch insensitivity factor.

over 5.5 [1]. In other words, the high strength alloy
2090 still has poor ductility consequently to result in
a high notch sensitivity even though its percent elon-
gation can be improved to a certain degree by adding
a minor amount of Ce element. This is still a trouble-
some problem with possible practical applications of
the high-strength Al-Li based alloys in primary aircraft

structures.

It may be seen from Equations 11 and 12 that when
K¢ < K, i.e.on/op > 1, the material will not be sen-
sitive to the notch. Conversely, wheig; > Ky, i.e. 5. Conclusions
on/op < 1, the material will be sensitive to the notch. If On the basis of the experimental results and analysis,
the material is intended to make a practical frameworkhe conclusions can be drawn as follows:
containing a structural notch, it must be noticed that the
material may have a high sensitivity to stress concentra- 1. Adding Ce element from 0.13 wt. pct to 0.31 wt.
tion at geometric discontinuity. Therefore, an engineerpct in the alloy 2090 sheets can reduce the level of
ing material must have higKy value to prevent from  stress concentration sensitivity to a certain degree, but
quickly fracturing caused by stress concentration if theproduce an insignificant effect on the notch strength.
material is intended to make the framework containing 2. The notch strength of the alloy 2090 sheets with
structural notches. various Ce contents can be expressed or predicted as

According to Equations 8 and 1%;= Ky when  follows:
on=o0p. As a result, the value oKy for every test
alloy should be the value df; corresponding to the
intersection oby, with the predicted line. Th&y val-
ues of all test alloys have been indicated in Fig. 2 by
vertical dot lines. CertainlyKy can also be calculated 3. The stress concentration sensitivity of the alloy
conveniently by Equation 13 according to the test dats2090 sheets with various Ce contents can be quanti-
in Table Il. tatively assessed by the so-called notch insensitivity

On the basis of the discussion above, the relationfactor defined as follows:
ships of Ce content witlky for the test materials are
evaluated and shown in Fig. 5. Increasing in Ce con- = 0.64y/Eop(1 +6)In(1 +9)
tent enhanceKy whether in transverse orientation or Op
longitudinal orientation of the test sheets. This can be
attributed to an improvement on the percent elongatiorp]

by means of Ce microalloying (see Tables | and II). microalloying improves the ductility to a certain degree.

is gssl:rzﬂz’uigtlelﬁ:)t\::ﬂu:slz ?gfr:gxrll?l??ntg I?;?gg tehneé)rSng herefore, high level of stress concentrat_ion sensiti\_/ity
panel produce [24, 27]. Therefore, tia, value for may bean(_)teworth_y pr_oblem prapotentlal obs_tructlon
e ’ . to the practical application of high-strength Al-Li based
the structural materials intended to make aircraft Strucélloys in aircraft frameworks
tures should generally be higher than 3.0 in order to '

ensure that the crack initiation does not occur at notch

root during the flight with possibly overloading status

and thus the quick fracture can be prevented Howeveﬁ eferences
q _p : 1. X. L. ZHENG, Eng. Fract. Mech33(1989) 685.

the values oKy for the test materials are only below 2 g A, sTARKE, T. H. SANDERSandl. G. PALMER, J.

2.5 while those of conventional aluminum alloys are  Metals.33(1981) 24.

_ 0.64/Eap(L +8)IN(L +3)

ON
Kt

Kn

4. Ce modification can not essentially decrease the
otch sensitivity of the alloy 2090 sheets although Ce
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